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ABean Yellow Dwarf Virus RepA, but Not Rep, Binds to Maize Retinoblastoma Protein,
and the Virus Tolerates Mutations in the Consensus Binding Motif
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Department of Virus Research, John Innes Centre, Norwich Research Park, Colney, Norwich, NR4 7UH, United Kingdom
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It has previously been reported that complementary-sense gene products of wheat dwarf virus (WDV), a geminivirus of the
genus Mastrevirus that infects monocotyledonous plants, bind to human and maize retinoblastoma (Rb) protein. Rb proteins
control cell-cycle progression by sequestering transcription factors required for entry into S-phase, suggesting that the virus
modifies the cellular environment to produce conditions suitable for viral DNA replication. Using a yeast two-hybrid assay,
we have investigated whether the complementary-sense gene products of bean yellow dwarf virus, a mastrevirus that is
adapted to dicotyledonous plants, also bind maize Rb protein. We demonstrate that whereas RepA binds to Rb protein, Rep
does not, suggesting that RepA alone regulates host gene expression and progression of cells to S-phase. RepA mutants
containing L 3 I, C 3 S, C 3 G, and E 3 Q mutations within the consensus Rb protein binding motif LXCXE retained the
ability to bind to Rb, but with reduced efficiency. Most notably, the E 3 Q mutation reduced binding by approximately 95%.
Nonetheless, all LXCXE mutants were able to replicate in tobacco protoplasts and to systemically infect Nicotiana
benthamiana and bean, in which they produced wild-type symptoms. © 1999 Academic Press
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Geminiviruses are ssDNA viruses that collectively in-
ect a wide range of monocotyledonous and dicotyledon-
us plants (Briddon and Markham, 1995). The majority of
embers of the genus Mastrevirus, typified by maize
treak virus (MSV) and wheat dwarf virus (WDV), infect
onocotyledonous plants. However, two mastreviruses
hat have host ranges confined to dicotyledonous plants
ave been described, namely tobacco yellow dwarf virus
Morris et al., 1992) and bean yellow dwarf virus (BeYDV)
Liu et al., 1997). All mastreviruses have a similar ge-
ome organization, in which the DNA is transcribed
idirectionally and encodes two virion-sense (V1 and V2)
nd two complementary-sense (C1 and C2) open read-
ng frames (ORFs). ORF V1 encodes a protein required
or virus movement (Boulton et al., 1993) and ORF V2
ncodes the coat protein (Morris-Krsinich et al., 1985).
he complementary-sense ORFs encode two proteins,
epA (or C1) and Rep, depending on whether or not the
omplementary-sense transcript is spliced (Fig. 1; Ac-
otto et al., 1989; Schalk et al., 1989; Dekker et al., 1991;
orris et al., 1992; Liu et al., 1997; Wright et al., 1997).
ep binds to the origin of replication where it nicks and
eligates the virion-sense DNA strand during rolling cir-
le replication to produce ssDNA (Heyraud-Nitschke et
l., 1995; Laufs et al., 1995; Sanz-Burgos and Gutie´rrez,
998). Both Rep and RepA also have been implicated in
1 To whom correspondence and reprint requests should be ad-
(ressed. Fax: (01603) 456844. E-mail: john.stanley@bbsrc.ac.uk.
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270he transactivation of virion-sense gene expression
Hofer et al., 1992; Zhan et al., 1993; Collin et al., 1996).
Because they have relatively small genomes, com-
rising one or two components of less than 3 kb in
ize, it is generally assumed that geminiviruses are
eavily dependent on host factors for their prolifera-
ion. In situ localization studies on MSV (Lucy et al.,
996), as well as on members of the genus Begomo-
irus such as tomato golden mosaic virus (TGMV) and
ean dwarf mosaic virus (Rushing et al., 1987; Wang et
l., 1996), have demonstrated that geminiviruses can
nfect terminally differentiated cells, but are unable to
nvade meristematic tissues. Thus, the viruses must
ontrol the cellular environment of differentiated cells
o produce conditions suited to support viral DNA
eplication. Several lines of evidence support this con-
ention. First, replicative DNA forms of the mastrevirus
igitaria streak virus are more abundant in cells in
-phase (Accotto et al., 1993). Second, cells infected
ith TGMV express proliferating cell nuclear antigen
PCNA) (Nagar et al., 1995), a host protein normally
ssociated with cells in S-phase (Brown and Camp-
ell, 1993). Furthermore, expression of TGMV Rep in
ransgenic Nicotiana benthamiana plants is sufficient
or the induction of PCNA expression. Third, WDV
epA and Rep and TGMV Rep are reported to bind to
etinoblastoma (Rb) protein (Xie et al., 1995, 1996;
ollin et al., 1996; Grafi et al., 1996; Ach et al., 1997), a
ellular protein that sequesters E2F transcription fac-
ors required for cell progression from G1 to S-phase
Nevins, 1992; Hollingsworth et al., 1993). Interaction
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271BeYDV RepA BINDING TO MAIZE Rb PROTEINf Rb with viral oncoproteins such as SV40 T-antigen
Ludlow, 1993), adenovirus E1A (Moran, 1994), or hu-
an papillomavirus E7 (Vousden, 1993) serves to re-
ease this block, allowing progression into S-phase.
hese oncoproteins interact via an LXCXE motif that is
lso present in plant D-type cyclins that bind to Rb
rotein (Dahl et al., 1995; Soni et al., 1995) as well as
n RepA and Rep of the majority of mastreviruses.
utational analysis has demonstrated that modifica-
ion of the motif in WDV Rep prevents Rb binding (Xie
t al., 1995). While these findings provide compelling
vidence for a geminiviral influence on host gene
xpression affecting the cell cycle, in situ localization
tudies failed to correlate MSV tissue distribution with
hat of histone H2b, an S-phase-specific protein (Lucy
t al., 1996). Thus, geminiviruses might control the
xpression of a limited number of host genes that are
ufficient to support viral DNA replication.
Using a yeast two-hybrid assay, we have investigated
hether the complementary-sense gene products of
eYDV show Rb protein binding characteristics similar to
hose of their counterparts from WDV. Additionally, pro-
eins containing modifications to the LXCXE motif have
een tested for Rb binding, and virus mutants containing
uch modifications have been screened for their ability
o replicate in tobacco protoplasts and to systemically
FIG. 1. BeYDV complementary-sense gene products used to investig
f the consensus Rb protein binding motif (black box), intron (shaded b
, ClaI; E, EcoRI; Nd, NdeI; Nh, NheI; S, SpeI) are shown relative to the
he entire C2 ORF is shown. (B) Extent of the C1 and C2 coding sequen
erived from pAS2-1. Clone pAS2-BYDCS differs from pAS2-BYDC1 in th
he presence of the intron in both cases indicates that they both expr
AS2-BYDRep and pAS2-BYDRepDN1. The ability of the fusion productsnfect plants. pRESULTS
eYDV RepA but not Rep binds to maize Rb protein
The ability of BeYDV complementary-sense gene prod-
cts to bind to maize Rb protein has been investigated
sing a yeast two-hybrid assay. In these experiments
iral gene products and their derivatives (Fig. 1) were
used in-frame to the Gal4 binding domain (BD) in pAS2-1
nd the maize Rb protein was fused in-frame to the Gal4
ctivation domain (AD) in pACT2. Both sets of plasmids
ere maintained in yeast using drop-out medium lacking
eucine and tryptophan. Interactions between the viral
ene products and the Rb protein serve to juxtaposition
he Gal4 domains to induce expression from responsive
IS3 and LacZ promoters, allowing yeast to grow in the
bsence of histidine and providing a convenient b-ga-
actosidase colorimetric assay to assess the binding
fficiency of the proteins.
Clones pAS2-BYDC1 and pAS2-BYDCS contain viral
NA inserts of different size but both are expected to
xpress BD fused to RepA (Fig. 1). Yeast cotransformed
ith pACT2-Rb and either pAS2-BYDC1 or pAS2-BYDCS
as able to grow in the absence of histidine (Fig. 2),
lthough growth was less vigorous for the combination
ACT2-Rb and pAS2-BYDC1. Thus, the BD–RepA fusion
rotein binds to Rb protein under the assay conditions. A
ize Rb protein binding in the yeast two-hybrid assay. (A) The positions
d selected restriction sites (A, AseI; B, BamHI; Bm, BsmBI; Bp, BspHI;
C2 ORFs. The C1 ORF starts at the first in-frame initiation codon while
ed in-frame at their 59 termini to the Gal4 binding domain in plasmids
ntains the entire coding sequence of both C1 and C2 ORFs, although
ly C1 coding sequences. Intron sequences have been deleted (`) in
d to maize Rb protein is indicated.ate ma
ox), an
C1 and
ces fus
at it co
ess onrotein comprising BD fused to 148 C-terminal amino
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272 LIU ET AL.cids of RepA, including the consensus Rb protein bind-
ng motif LXCXE (expressed from pAS2-BYDC1DN), re-
ained the ability to bind to Rb protein, while BD fused to
70 N-terminal amino acids of RepA (expressed from
AS2-BYDC1DC), lacking the consensus motif, was un-
ble to bind (Fig. 1). In negative controls, no growth was
bserved if either the viral or the Rb protein coding
equences were omitted from the pAS2-1 and pACT2
ectors (Fig. 2). Throughout these experiments, all yeast
olonies that grew in the absence of histidine stained
ositive (blue) in a colony-lift assay for b-galactosidase
ctivity.
Transcripts expressed from pAS2-BYDC1 and pAS2-
YDCS contain an intron that is recognized in plants. It is
ossible that splicing also occurs in yeast, resulting in
he expression of either BD–Rep fusion protein (from
AS2-BYDCS) or a C-terminal deletion derivative (from
AS2-BYDC1). To investigate this possibility, DNA frag-
ents encompassing the intron were PCR-amplified
rom cDNA synthesized from yeast transcripts as de-
cribed by Liu et al. (1998). A single DNA fragment was
btained corresponding in size to a product amplified
rom unspliced transcript (data not shown), indicating
hat splicing at this position either does not occur or is
ery inefficient. Hence, only BD–RepA fusion protein
hould be expressed from these constructs.
Yeast cotransformed with pACT2-Rb and pAS2-BYD-
ep was unable to grow in the absence of histidine (Fig. 2),
ndicating that BD–Rep fusion protein cannot functionally
nteract with Rb protein even though the Rep moiety re-
ained the consensus Rb protein binding motif. Proteins
omprising BD fused to either 190 or 137 C-terminal amino
cids of Rep (expressed from pAS2-BYDRepDN1 contain-
FIG. 2. Yeast two-hybrid assay of BeYDV complementary-sense gene
roduct binding to maize Rb protein. Clones expressing BeYDV fusion
roteins are described in the legend to Fig. 1. Clone pACT2-Rb contains
he maize Rb protein fused to the Gal4 activation domain. As negative
ontrols, plasmids expressing fusion proteins were introduced into
east together with either pACT2 or pAS2-1 that lack inserted frag-
ents. As a positive control, yeast was transformed with pTD1-1 and
VA3-1 that contain coding sequences of the SV40 T-antigen in pACT2
nd murine p53 in pAS2-1, respectively. Yeast strain CG1945 was grown
n drop-out medium supplemented with 20 mM 3-AT but lacking his-lidine.ng the LXCXE motif and pAS2-BYDRepDN2 lacking the
otif) also were unable to bind to Rb protein (Fig. 1).
eYDV LXCXE mutants bind Rb protein less efficiently
Both the BD–RepA fusion protein (expressed from ei-
her pAS2-BYDC1 or pAS2-BYDCS) and the RepA dele-
ion mutant expressed from pAS2-BYDC1DN contain the
onsensus Rb protein binding motif, and both are able to
ind Rb protein. To investigate the contribution of the
otif to Rb binding, the wild-type sequence LXCXE was
nitially modified to IXCXE, LXSXE, or LXCXQ. When ex-
ressed from derivatives of pAS2-BYDC1, the mutants
upported little or no growth of yeast in the absence of
istidine (Fig. 3A). In contrast, when expressed from
erivatives of pAS2-BYDCS, all mutants supported yeast
rowth although pAS2-BYDCSLCQ supported noticeably
FIG. 3. Yeast two-hybrid assay of BeYDV complementary-sense gene
utant binding to maize Rb protein. (A) Yeast strain CG1945 cotrans-
ormed with pACT2-Rb and the indicated BeYDV clones was grown on
rop-out medium supplemented with 20 mM 3-AT in the presence or in
he absence of histidine. For each construct, three individual yeast
olonies were streaked onto the plate. (B) Summary of b-galactosidase
ssays on triplicate samples from three individual yeast colonies for
ach construct. b-Galactosidase units were calculated as described in
he Clontech Matchmaker Two-Hybrid System 2 protocol and corrected
or background expression obtained using yeast transformed with
ACT2 and pAS2-1.ess growth, suggesting less efficient binding of the fu-
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273BeYDV RepA BINDING TO MAIZE Rb PROTEINion protein to Rb protein. Because pAS2-BYDC1 and
AS2-BYDCS derivatives conferred different phenotypes,
n additional mutation was introduced into BeYDV RepA,
odifying the motif to LXGXE, to allow direct comparison
ith the data of Xie et al. (1995) on WDV. Once again, the
usion protein mutant supported the rapid growth of
east when expressed from pAS2-BYDCSLGE, compara-
le to the unmodified protein, but poor growth when
xpressed from pAS2-BYDC1LGE (Fig. 3A).
The introduction of unexpected modifications into
AS2-BYDC1 derivatives during the cloning and mu-
agenesis procedures, which may adversely affect the
xpression of the fusion protein, offers one explanation
or the poor growth of yeast transformed with these
onstructs. To eliminate this possibility, the viral DNA
nsert and upstream binding domain of one clone, pAS2-
YDC1ICE, were completely sequenced and shown to be
orrect. The fact that all other mutants were produced by
xchanging the NheI–BsmBI fragment of pAS2-BYDC1
ith those from biologically active derivatives (described
elow) strongly suggests that all of the mutant se-
uences had remained intact during cloning.
Colorimetric assays for b-galactosidase activity were
arried out to quantitate the efficiency of BD–RepA fusion
rotein binding to Rb protein. b-Galactosidase activity in
east transformed with pAS2-BYDCS was approximately
ixfold higher than in yeast transformed with pAS2-
YDC1 (Fig. 3B), consistent with the different growth
haracteristics conferred on yeast by these constructs.
s similar proteins should be expressed from these
lones, this suggests that different levels of BD–RepA
usion protein are being produced. To investigate this
ossibility, transcripts were isolated from yeast and an-
lyzed (Fig. 4A). Transcripts of the expected size were
etected in yeast transformed with pAS2-BYDC1 and
utant pAS2-BYDC1LCQ (lanes 1 and 2) and were at least
s abundant as those associated with pAS2-BYDCS
lane 3), mutant pAS2-BYDCSLCQ (lane 4), and pAS2-
YDRep (lane 5), indicating that defective transcription
as not responsible for the phenotype associated with
AS2-BYDC1 and its derivatives. The level of BD–Rep
63.6 kDa) expressed in yeast transformed with pAS2-
YDRep (Fig. 4B, lane 3) was comparable to the level of
D–RepA (57.6 kDa) expressed from pAS2-BYDCS and
utant pAS2-BYDCSLCQ (lanes 1 and 2), confirming that
he phenotype associated with pAS2-BYDRep is due to
he inability of BD–Rep to bind to Rb protein rather than
defect in its expression. However, BD–RepA could not
e detected in yeast transformed with either pAS2-
YDC1 or mutant pAS2-BYDC1LCQ (data not shown),
ven though abundant transcript is produced.
Although the b-galactosidase activities associated
ith derivatives of either pAS2-BYDCS or pAS2-BYDC1
iffered significantly, the reduction in activity associated
ith LXCXE mutants in relation to the unmodified RepAusion protein showed a similar trend between con- (tructs (Fig. 3B). Given the relatively low activities asso-
iated with pAS2-BYDC1 derivatives in relation to the
ackground level, it is considered likely that the higher
alues associated with pAS2-BYDCS derivatives provide
more realistic indication of binding efficiency. Hence,
ll modifications cause a reduction in binding efficiency,
arying from 20% for the LXGXE mutant, and approxi-
ately 50% for the IXCXE and LXSXE mutants, to as much
s 95% for the LXCXQ mutant.
eYDV LXCXE mutants remain infectious in plants
To investigate the biological role of the LXCXE motif in
ore detail, mutated full-length viral DNAs were initially
creened for their ability to replicate in protoplasts pro-
uced from Nicotiana tabacum BY-2 cell suspension cul-
ure. Mutants BeYDVICE, BeYDVLSE, and BeYDVLCQ (de-
ived from pSK-BYDICE, pSK-BYDLSE, and pSK-BYDLCQ,
espectively) were able to replicate under these condi-
ions (Fig. 5). These mutants were then screened for
nfectivity by agroinoculation of N. benthamiana and
haseolus vulgaris. As previously reported by Liu et al.
1998), N. benthamiana is generally more susceptible to
eYDV infection than P. vulgaris following agroinocula-
ion (Table 1). Nonetheless, BeYDVICE, BeYDVLSE, and
eYDVLCQ were able to systemically infect both hosts,
nd infected plants produced symptoms that were indis-
inguishable from wild-type virus in terms of timing and
everity. Southern blot analysis of viral DNA extracted
rom systemically infected P. vulgaris tissues showed
hat the mutants accumulated to wild-type virus levels
FIG. 4. Expression of BeYDV complementary-sense gene products in
east. (A) Northern blot analysis of transcripts expressed from pAS2-
YDC1 (lane 1), pAS2-BYDC1LCQ (lane 2), pAS2-BYDCS (lane 3), pAS2-
YDCSLCQ (lane 4), and pAS2-BYDRep (lane 5). The blot was hybridized
o a probe specific for BeYDV DNA. The position and size (kb) of RNA
arkers (BRL RNA ladder) are indicated. (B) Western blot analysis of
usion proteins BD–RepA and BD–Rep expressed from pAS2-BYDCS
lane 1), pAS2-BYDCSLCQ (lane 2), pAS2-BYDRep (lane 3), and pAS2-1
lane 4). Fusion proteins were detected using Gal4 DNA-BD monoclo-
al antibody (Clontech). The position and size (kDa) of prestained
rotein markers (Bio-Rad) are indicated.Fig. 6; compare lanes 1–3 with lane 4). Subsequently,
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274 LIU ET AL.utant BeYDVLGE was similarly tested and shown to
roduce a wild-type infection in both N. benthamiana and
. vulgaris (Table 1).
To ensure that the mutations had been retained within
he virus population, fragments of viral DNA encompass-
ng the Rb protein binding motif were amplified by PCR
rom extracts of systemically infected tissues and ana-
yzed by sequencing. Analysis of fragments derived from
he progeny of mutants BeYDVLSE, BeYDVLCQ, BeYDVICE,
nd BeYDVLGE confirmed that all mutations had been
etained in infected plants (Fig. 7).
DISCUSSION
Because of the limited amount of genetic information
ncoded within their genomes, small DNA viruses must
ely heavily on cellular proteins for their proliferation. To
nsure that the appropriate proteins are available, such
iruses are able to adapt the cellular environment by
nitiating cell-cycle progression into S-phase. Rb protein
s a key regulatory protein that sequesters E2F transcrip-
ion factors required for entry into S-phase (Nevins, 1992;
ollingsworth et al., 1993). In mammalian cells, this block
FIG. 5. Southern blot analysis of BeYDV mutant DNA replication in
obacco protoplasts. Nucleic acids were extracted from protoplasts 3
ays postinoculation. Protoplasts were either mock-inoculated (lane 6)
r inoculated with mutants pSK-BYDICE (lane 1), pSK-BYDLSE (lane 2),
SK-BYDLCQ (lane 3), pSK-BYDDintron (lane 4), and pSK-BYD (wild-type;
ane 5). Aliquots (5 mg) were fractionated by agarose gel electrophore-
is, transferred to nitrocellulose membrane, and hybridized to a probe
pecific for BeYDV DNA. An aliquot (1 mg) of total nucleic acids
xtracted from BeYDV-infected N. benthamiana was included as a
arker (lane 7). The positions of single-stranded (ss), supercoiled (sc),
nd open-circular (oc) viral DNA forms are indicated.
TABLE 1
Infectivity of BeYDV Mutants Containing Modified
Consensus Rb Protein Binding Motifs
Virus
Infectivity (plants inoculated/infected)
N. benthamiana
P. vulgaris
(cv Top Crop)
ild-type 16/18 9/28
eYDVICE 15/17 7/10
eYDVLSE 5/18 5/10
eYDVLCQ 13/18 2/10
LGE(
eYDV 5/18 6/30o cell-cycle progression is released by cellular D-type
yclins binding to Rb protein, allowing the transcription
actors to induce expression of S-phase-specific genes
Dowdy et al., 1993; Ewen et al., 1993). A similar method
f control is likely to occur in plant cells (Dahl et al., 1995;
oni et al., 1995). Animal DNA tumor viruses subvert this
ontrol mechanism by using their early gene products,
or example, SV40 T-antigen, adenovirus E1A, and hu-
an papillomavirus E7, to bind to and nullify the effect of
b protein (Ludlow, 1993; Vousden, 1993; Moran, 1994).
oth the D-type cyclins and viral gene products contain
consensus LXCXE motif that participates in Rb protein
inding (DeCaprio et al., 1988; Moran, 1988; Dowdy et al.,
993; Ewen et al., 1993). Identification of an identical
otif within the RepA coding sequences of the majority
f mastreviruses (Xie et al., 1995) prompted the idea that
hese plant DNA viruses may regulate cellular gene
xpression in a similar fashion.
Using a yeast two-hybrid assay, WDV RepA protein
as shown to bind to human Rb protein (Xie et al., 1995)
s well as to a plant homologue isolated from maize (Xie
t al., 1996; Grafi et al., 1996). Subsequently, Collin et al.
1996) demonstrated that both RepA and Rep proteins of
DV, which share the Rb protein binding motif, bind
uman Rb protein. Using a similar assay, we have dem-
nstrated that the RepA protein of BeYDV, a mastrevirus
hat is adapted to dicotyledonous plants (Liu et al., 1997),
lso binds maize Rb protein. Recently, it was reported
hat Rep of the begomovirus TGMV, which also has a
icotyledonous host range, could bind Rb protein (Ach et
l., 1997). Hence, such binding activity may be a feature
f all geminiviruses or at least those members that infect
erminally differentiated cells. The possibility remains
hat some geminiviruses that are tightly associated with
he vascular bundles, such as beet curly top virus
FIG. 6. Southern blot analysis of BeYDV mutant DNA forms in sys-
emically infected P. vulgaris tissues. Total nucleic acids were extracted
rom plants 30 days postinoculation. Plants were agroinoculated with
BinP-BYDICE (lane 1), pBinP-BYDLSE (lane 2), pBinP-BYDLCQ (lane 3),
nd pBinP-BYD (wild-type; lane 4). Aliquots (5 mg) were fractionated by
garose gel electrophoresis, transferred to nitrocellulose membrane,
nd hybridized to a probe specific for BeYDV DNA. An aliquot (1 mg) of
otal nucleic acids extracted from BeYDV-infected N. benthamiana was
ncluded as a marker (lane 5). The positions of single-stranded (ss),
upercoiled (sc), and open-circular (oc) viral DNA forms are indicated.Latham et al., 1997), are not dependent on this function
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275BeYDV RepA BINDING TO MAIZE Rb PROTEINut use preexisting host replication factors present in
ome phloem-associated cells.
In contrast to the observations on WDV by Collin et al.
1996), BeYDV Rep is unable to bind Rb protein in this
ssay. Consistent with this observation, MSV RepA but
ot Rep has recently been shown to bind Rb protein
nder similar conditions (Horva´th et al., 1998). Confor-
ational differences between RepA and Rep, owing to
heir different C-terminal sequences, might alter the ac-
essibility of the binding domain and account for their
nique binding characteristics. These results indicate
hat RepA rather than Rep participates in the proposed
egulation of host gene expression and suggest that the
emporal control of viral transcript processing might play
pivotal role in the early stages of the infection cycle.
hus, RepA will be expressed immediately from un-
pliced transcript, providing a suitable environment for
eplication that will proceed when Rep is subsequently
xpressed from the spliced transcript. Whether or not
epA participates directly or indirectly in the control of
iral transcript processing awaits investigation.
The growth phenotypes conferred on yeast by pAS2-
YDC1 and pAS2-BYDCS correlate with different levels
f BD–RepA expressed from these constructs. The cod-
ng sequence of the pAS2-BYDC1 fusion protein was
hown to be intact and transcribed, although BD–RepA
as detectable only in yeast transformed with pAS2-
YDCS. However, the presence of b-galactosidase ac-
ivity above background levels associated with pAS2-
YDC1 indicates that BD–RepA also is being expressed
o a limited extent from this construct. The fusion pro-
eins expressed from pAS2-BYDC1 and pAS2-BYDCS dif-
er slightly at their C-termini; BD–RepA expressed from
AS2-BYDCS uses the authentic termination codon while
D–Rep expressed from pAS2-BYDC1 contains 21 addi-
ional C-terminal amino acids provided by the pAS2-1
xpression vector as a result of the cloning strategy.
ence, the stability of the fusion proteins may differ due
o the C-terminal changes, and the level of expression
lso may be influenced by the translational efficiency
FIG. 7. Characterization of the progeny of virus mutants. Viral DNA frag
ild-type virus and mutants BeYDVLSE, BeYDVLCQ, BeYDVICE, and BeYD
re indicated by arrows.rom different sized transcripts. However, the results ob- nained using pAS2-BYDCS derivatives are probably of
ore relevance to a viral infection because both its
ranscript and the RepA moeity of the fusion protein more
losely resemble those produced by the virus in planta.
The results indicate that Rb protein binds to the C-
erminal half of BeYDV RepA that contains the consensus
XCXE motif. Mutation of this motif in WDV RepA either
reatly reduced (LXGXE) or eliminated (LXCXK) Rb pro-
ein binding (Xie et al., 1995). In contrast, modification of
he BeYDV RepA motif to either IXCXE or LXSXE reduced
inding by only approximately 50%, although modifica-
ion to LXCXQ reduced binding by 95%. These particular
odifications to the BeYDV motif were chosen as they
re relatively conservative and, hence, minimize possible
hanges to the conformation of RepA and Rep, both of
hich share the motif. For direct comparison with the
ata of Xie et al. (1995), the BeYDV motif was also
odified to LXGXE. Of all the modifications to RepA, this
ad the least effect on Rb protein binding and more
losely resembled the behavior of the BeYDV LXSXE
utant than the WDV LXGXE mutant. Thus, the binding
haracteristics of the RepA proteins from BeYDV and
DV to maize Rb protein appear to differ significantly.
Our data demonstrate that BeYDV tolerates modifica-
ion to each of the conserved amino acids within the
onsensus Rb protein binding motif. Thus, the absence
f a consensus motif in the RepA proteins of the mas-
reviruses Chloris striate mosaic virus, Miscanthus
treak virus, and sugarcane streak virus (for genome
equences see Andersen et al., 1988; Chatani et al.,
991; Hughes et al., 1993) does not necessarily mean
hat they are unable to bind Rb protein. Similarly, al-
hough mutations within the motif in SV40 T-antigen,
denovirus E1A, and mammalian cyclins can have an
dverse effect on their ability to bind to Rb protein (De-
aprio et al., 1988; Moran, 1988; Dowdy et al., 1993;
wen et al., 1993), not all animal virus oncoproteins
ontain the motif (Pipas, 1992). Also, some viral and
ellular proteins, including Rep of the begomovirus
GMV, are known to bind Rb protein but lack a recog-
were PCR-amplified from extracts of tissues systemically infected with
d analyzed by sequencing. Mutations retained in the virus populationsments
VLGE anizable motif (Helin et al., 1992; Szekely et al., 1993; Ach
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276 LIU ET AL.t al., 1997). Clearly, the RepA domain responsible for Rb
rotein binding needs to be characterized in greater
etail. To achieve this it may be necessary to separate
epA and Rep activities by expressing the proteins in
rans either from coinfecting viral DNAs or in transgenic
lants.
The biological role of the LXCXE motif has been stud-
ed for WDV by assaying mutants for their ability to
eplicate in actively dividing wheat suspension cells (Xie
t al., 1995). The replication of WDV mutants was signif-
cantly reduced when the motif was altered to LXGXE
nd eliminated when altered to LXCXK. In contrast, we
ave found no evidence to suggest that mutations intro-
uced into the BeYDV motif, including an identical
XGXE mutation, have any significant effect on replica-
ion in tobacco protoplasts. The difference in behavior of
DV and BeYDV mutants may be attributable to adapta-
ion of these viruses to monocotyledonous and dicotyle-
onous hosts, respectively. However, the significance of
sing actively dividing cells to assay the function of a
rotein that has been implicated in controlling entry into
-phase is questionable, as such a function would be
xpected to be redundant under these conditions. Fur-
hermore, it has been established that RepA is not re-
uired for viral DNA replication (Fig. 5, lane 4; Collin et
l., 1996; Liu et al., 1998). Hence, the inability of the WDV
utants to replicate (Xie et al., 1995) is more likely to be
he direct consequence of disruption of this process by a
ep mutation rather than the indirect effect on host gene
xpression by a RepA mutation.
All of the mutations introduced into the BeYDV LXCXE
otif resulted in a reduction in Rb protein binding, which
or the LXCXQ mutant was estimated to be as much as
5%. Nonetheless, the mutants retained the ability to
roduce a wild-type infection in both the permissive
aboratory host N. benthamiana and bean, the host from
hich the virus was originally isolated. One interpreta-
ion of these data is that the interaction between RepA
nd Rb protein has no biological significance to the
nfection cycle. Alternatively, the interaction may be im-
ortant but the two-hybrid assay does not adequately
eflect binding ability in planta. In this respect, our results
ay be influenced by the use of an Rb protein homo-
ogue from maize rather than from a dicotyledonous
pecies, and we cannot rule out the possibility that the
inding characteristics of the cloned Rb protein may not
e representative of related proteins that may occur in
lants. A third option is that the weaker interactions
etween Rb protein and the RepA mutants, particularly
he LXCXQ mutant, may remain sufficient to facilitate
ntry into S-phase under physiological conditions.
learly, additional investigation using a complementary
pproach is required to address these possibilities, and
o provide conclusive evidence for a functional interac-
ion it will be necessary to establish a direct correlation tetween RepA expression and cell cycle progression in
lants.
MATERIALS AND METHODS
onstruction of BeYDV mutants
Construction of clone mpBYD081, containing a full-
ength copy of the BeYDV genomic DNA as a ClaI
ragment in M13mp19, has been described (Liu et al.,
997). Mutations within the consensus Rb protein bind-
ng motif were introduced into mpBYD081 using the
uta-Gene mutagenesis kit (Bio-Rad). Primers GGCAG-
GGAtATCTGATTC (nucleotides 1849–1867; numbering
ccording to Liu et al. (1997); a lowercase letter indicates
n altered nucleotide), CTTCGTGGCtGCGGAGATC (nu-
leotides 1843–1861), GCAGATCTTgGTGGCAGCG (nu-
leotides 1837–1855), and GCAGATCTTCGTGGCcGCG-
AGATCTG (nucleotides 1837–1863) were used to pro-
uce mpBYD081ICE, mpBYD081LSE, mpBYD081LCQ, and
pBYD081LGE, respectively. The presence of mutations
as verified by sequence analysis.
east two-hybrid assay
For the yeast two-hybrid assay, complementary-sense
oding sequences were cloned in-frame with the Gal4(1-147)
inding domain in pAS2-1 containing a TRP1 marker
Clontech). The positions of relevant restriction sites in
elation to the coding sequences are shown in Fig. 1. The
onstruction of pSKBYD-HMd, containing a dimer of
eYDV DNA in which NdeI and SpeI sites have been
ntroduced at the 59 terminus of ORF C1 (position 2468)
nd the 39 terminus of ORF C2 (position 1307), respec-
ively, has been described (Liu et al., 1999). A fragment
ncompassing the C1 ORF was released from pSKBYD-
Md by digestion with NdeI and AseI and cloned into the
deI site of pGEM5Zf(2) (Promega) to give pGEM-
YDC1. A fragment encompassing the C1 and C2 ORFs
as released from pSKBYD-HMd by digestion with NdeI
nd SpeI and cloned into the same sites of pGEM5Zf(2)
o give pGEM-BYDCS. The insert of mpBYDDintron, in
hich the complementary-sense intron has been re-
oved from the BeYDV DNA (Liu et al., 1998), was cloned
nto pBluescript II SK (1) (Stratagene) as a partial repeat
ontaining two copies of the ClaI (1796)–PstI (187) frag-
ent to give pSK-BYDDintron1.4. The BamHI fragment of
GEM-BYDCS was exchanged with that of pSK-
YDDintron1.4 to give pGEM-BYDRep.
Mutations were introduced into the consensus Rb
rotein binding motif of pGEM-BYDC1, pGEM-BYDCS,
nd pGEM-BYDRep by exchanging their NheI–BsmBI
ragments with those of mpBYD081ICE, mpBYD081LSE,
pBYD081LCQ, and mpBYD081LGE. The NdeI–PstI insert
f pGEM-BYDC1 and its mutant derivatives were trans-
erred to pAS2-1 to produce pAS2-BYDC1 and deriva-
ives. The SacI–SpeI inserts of pGEM-BYDCS, pGEM-
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277BeYDV RepA BINDING TO MAIZE Rb PROTEINYDRep, and their mutant derivatives were initially trans-
erred to pFastBac1 (Gibco BRL), digested with SacI and
baI to produce pFast-BYDCS, pFast-BYDRep, and their
erivatives. The inserts of these clones were transferred
s NdeI–PstI fragments into pAS2-1 to produce pAS2-
YDCS, pAS2-BYDRep, and their derivatives.
Deletion mutants pAS2-BYDC1DN and pAS2-BYDRepDN1
ere constructed by inserting the EcoRI–PstI fragments
f pFast-BYDCS and pFast-BYDRep, respectively, into
AS2-1. Deletion mutant pAS2-BYDC1DC was con-
tructed by deletion of the EcoRI–PstI fragment of pAS2-
YDC1 and religation of the residual DNA after removal
f protruding termini. Deletion mutant pAS2-BYDC1DN2
as constructed by cloning the BspHI–PstI fragment of
AS2-BYDRep into pAS2-1 digested with NcoI and PstI.
Plasmid pACT2, containing a LEU2 marker (Clontech),
as digested with BamHI and religated after treatment
ith mung bean nuclease. The EcoRI–BclI fragment of
ZmRb1 (Xie et al., 1996), encompassing the maize Rb
rotein coding sequence, together with a 39-terminal
hoI site (derived from a subclone polylinker sequence),
as cloned into the pACT2 derivative digested with
coRI and XhoI, to produce clone pACT2-Rb. In this way,
he maize Rb protein coding sequence was fused in-
rame with the Gal4(768–881) activation domain.
The ability of complementary gene products and mu-
ant derivatives to bind to Rb protein was investigated
sing the Matchmaker Two-Hybrid System 2 (Clontech)
s recommended by the manufacturer. Yeast strains
187 and CG-1945 were transformed with derivatives of
AS2-1 and pACT2-Rb, respectively, as described by
ietz et al. (1992). After confirming that transformed yeast
trains were unable to grow on medium lacking histidine
nd showed no b-galactosidase activity, pAS2-1 deriva-
ives were introduced into strain CG-1945 transformed
ith pACT2-Rb by mating. Yeast was grown on selective
rop-out medium lacking leucine and tryptophan, with or
ithout histidine, and in the presence of 20 mM 3-amino-
,2,4-triazole (3-AT) to eliminate the growth of false-pos-
tive colonies (Bartel et al., 1993). b-Galactosidase activ-
ty was monitored by colony-lift and liquid assays using
NPG as substrate as described in the Matchmaker
wo-Hybrid System 2 protocol.
xpression of viral gene products in yeast
RNA was extracted from yeast transformed with
ACT2-Rb and pAS2-1 derivatives as described by Lund-
lad (1997) and analyzed by northern blotting using a ran-
omly labeled probe (Feinberg and Vogelstein, 1983) cor-
esponding to full-length BeYDV DNA. Splicing of tran-
cripts expressed from pAS2-1 derivatives encoding the
iral complementary-sense gene products was investi-
ated as described by Liu et al. (1998). Proteins were
xtracted from yeast (Lundblad, 1997), fractionated on a
2.5% polyacrylamide gel (Laemmli, 1970), and transferred 2o nitrocellulose membrane (Schleicher and Schuell) using
semidry Trans-Blot assembly (Bio-Rad). Fusion proteins
xpressed from pAS2-1 derivatives were detected using
al4 DNA-BD monoclonal antibody (Clontech).
nfectivity assays in protoplasts and whole plants
To investigate mutant infectivity, full-length ClaI inserts
f wild-type and mutated viral DNAs were cloned into
Bluescript II SK (1) double-digested with ClaI and AccI.
second copy of each full-length ClaI insert was then
loned into the unique ClaI sites of these constructs to
roduce pSK-BYD (wild-type), pSK-BYDICE, pSK-BYDLSE,
SK-BYDLCQ, and pSK-BYDLGE containing dimers of the
iral DNA. Plasmids were purified using Tip-100 column
hromatography (Qiagen). Aliquots (1.25 pmol) of purified
NA were introduced into protoplasts derived from N.
abacum BY-2 suspension cells (Nagata et al., 1992) by a
EG fusion method (Negrutiu et al., 1987). Protoplasts
ere incubated at 24°C for 3 days.
Inserts of pSK-BYD and derivatives were transferred to
BinPlus (van Engelen et al., 1995) as KpnI–XbaI frag-
ents to produce pBinP-BYD, pBinP-BYDICE, pBinP-
YDLSE, pBinP-BYDLCQ, and pBinP-BYDLGE. Clones were
ransferred to Agrobacterium tumefaciens strain GV3101
Zambryski et al., 1983) by either electroporation (Nagel
t al., 1990) or triparental mating (Ditta et al., 1980). A.
umefaciens was introduced into plants by agroinocula-
ion as described by Tan et al. (1995). Plants were main-
ained in accordance with the requirements of the Advi-
ory Committee on Genetic Manipulation, in an insect-
ree glasshouse at 25°C, decreased to 20°C at night,
ith supplementary lighting to give a 16-h photoperiod.
xtraction and analysis of viral DNA from plant
issues
Nucleic acids were extracted from either protoplasts
r leaves according to the method of Covey and Hull
1981) and analyzed by agarose gel electrophoresis and
outhern blotting using a randomly labeled probe corre-
ponding to full-length BeYDV DNA. The presence of
utants within the virus population in systemically in-
ected plant material was investigated by restriction
nalysis and sequencing of PCR fragments amplified
rom total nucleic acid preparations using primers cor-
esponding to nucleotides 1533–1562 and 2227–2256
complementary-sense).
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